Neurotransmitter spillover represents a form of neural transmission not restricted to morphologically defined synaptic connections. Communication between climbing fibers (CFs) and molecular layer interneurons (MLIs) in the cerebellum is mediated exclusively by glutamate spillover. Here, we show how CF stimulation functionally segregates MLIs based on their location relative to glutamate release. Excitation of MLIs that reside within the domain of spillover diffusion coordinates inhibition of MLIs outside the diffusion limit. CF excitation of MLIs is dependent on extrasynaptic NMDA receptors that enhance the spatial and temporal spread of CF signaling. Activity mediated by functionally segregated MLIs converges onto neighboring Purkinje cells (PCs) to generate a long-lasting biphasic change in inhibition. These data demonstrate how glutamate release from single CFs modulates excitability of neighboring PCs, thus expanding the influence of CFs on cerebellar cortical activity in a manner not predicted by anatomical connectivity.
INTRODUCTION
Mapping neural circuits to establish the pathways of information transfer not only requires a physical representation of connectivity but also an understanding of communication not easily inferred from structure, such as neuroglial interactions and volume or extrasynaptic transmission (Lichtman et al., 2008; DeFelipe, 2010; Sporns, 2011) . While monoamine and peptide signaling are accepted to occur through volume transmission (Fuxe and Agnati, 1991 ; but see Beckstead et al., 2004) , rapid glutamatergic transmission to postsynaptic receptors is largely restricted to morphologically defined synapses. Nevertheless, glutamate can escape from the synaptic cleft (Asztely et al., 1997 ; for review, see Kullmann, 2000) in concentrations sufficient to activate extrasynaptic receptors (Carter and Regehr, 2000; Mitchell and Silver, 2000; Brasnjo and Otis, 2001; Diamond, 2001; Arnth-Jensen et al., 2002; Chen and Diamond, 2002; Wadiche and Jahr, 2005) . In theory, extrasynaptic neurotransmitter spillover degrades the capacity for computation due to a loss of ''synapse specificity'' (Kullmann, 2000; Barbour, 2001 ), but transmitter spillover has also been shown to synchronize neuronal output (Isaacson, 1999) and improve transmission efficacy (DiGregorio et al., 2002; Sargent et al., 2005) .
In the cerebellum, a single climbing fiber (CF) makes hundreds of individual contacts with one Purkinje cell (PC; Palay and ChanPalay, 1974) . CF activation evokes large excitatory postsynaptic currents (EPSCs) due to the numerous synaptic sites and the release of multiple vesicles from each site, a process termed multivesicular release (MVR; Wadiche and Jahr, 2001; Rudolph et al., 2011) . MVR generates high synaptic glutamate concentration transients, but the likelihood of glutamate spillover between sites is minimized because each CF release site is encased by glial membranes that express high densities of glutamate transporters (Lehre and Danbolt, 1998; Xu-Friedman et al., 2001; Tzingounis and Wadiche, 2007) . Although there is no evidence for spillover to neighboring CF-PC synaptic receptors (Wadiche and Jahr, 2001) , CF stimulation results in spillovermediated activation of glutamate receptors located on presynaptic terminals (Satake et al., 2000) , perisynaptic membranes (Brasnjo and Otis, 2001; Wadiche and Jahr, 2005) , and glia (Bergles et al., 1997) . CF-dependent glutamate spillover has also been reported to reach molecular layer interneurons (MLIs) in vivo (Jö rntell and Ekerot, 2003) and in vitro (Szapiro and Barbour, 2007) , despite the absence of presynaptic or postsynaptic specializations at these junctions (Kollo et al., 2006; Brown et al., 2012) .
In principle, glutamate spillover could engage local microcircuits not predicted by conventional anatomical mapping as occurs with multiple CF stimulation (Mathews et al., 2012) . Here we show that MLIs excited by spillover from a single CF inhibits MLIs outside the spillover limit resulting in a functional dissociation of MLI activity based on proximity to the active CF. Consistent with the role of glutamate transporters limiting spillover (Bergles et al., 1997; Brasnjo and Otis, 2001; Dzubay and Otis, 2002; Wadiche and Jahr, 2005; Szapiro and Barbour, 2007; Tsai et al., 2012) , MLI excitation and subsequent inhibition are robustly enhanced by blocking glutamate transporters. Yet even with uptake intact, glutamate spillover activates AMPA and NMDA receptors (AMPARs and NMDARs) on MLIs to promote spiking. The slow time course of spillover transmission enhances the temporal spread of CF-mediated feedforward inhibition to PCs and other MLIs. The functional segregation of MLIs excited and inhibited by CF spillover enables single CFs to both decrease and increase simple spiking of neighboring PCs, similar to a phenomenon previously demonstrated in vivo .
RESULTS

Climbing Fiber Glutamate Spillover to Molecular Layer Interneurons
We recorded from MLIs (basket and stellate cells) located in the inner two-thirds of the molecular layer of acute cerebellar slices maintained near physiological temperature ($32 C) . Following the work by Szapiro and Barbour (2007) , we first isolated putative CF inputs in the presence of the GABA A receptor antagonist SR95531 (5 mM). We used the following criteria to distinguish CF inputs from conventional parallel fiber (PF) inputs onto MLIs: (1) the stimulating electrode position and intensity was adjusted to evoke an all-or-none response with little fluctuation in peak amplitude (Figures 1A and 1B) , unlike responses after PF stimulation that were variable and graded (Konnerth et al., 1990) ; (2) using an interstimulus interval of 50 ms, the pairedpulse ratio (PPR) of CF-MLI responses showed marked depression (EPSC 2 /EPSC 1 = 0.14 ± 0.01, n = 67; Figure 1A ) in contrast to PF responses that facilitated (1.37 ± 0.08, n = 22; Figure 1C) ; (3) the EPSC kinetics were slower (rise: 0.7 ± 0.02 ms, decay: 4.2 ± 0.2 ms, n = 67) than those from PF synaptic connections (rise: 0.3 ± 0.02 ms, decay: 1.4 ± 0.09 ms, n = 22, p < 0.0001 for both measures); and (4) the glutamate transporter antagonist TBOA (50 mM) potentiated the peak amplitude of CF EPSCs by 322% ± 44% (n = 21; Figure 1D , top) but did not affect EPSCs after PF stimulation (103% ± 6.0%, n = 8, p = 0.45; Figure 1D , bottom). Together, these data recapitulate previous results (Szapiro and Barbour, 2007) and establish the criteria we used to unambiguously distinguish CF stimulation from PF stimulation in subsequent experiments.
To assess spillover at near-physiological [Ca 2+ ], we also measured CF-MLI EPSCs in a 1 mM extracellular [Ca 2+ ] solution. On average, responses in 1 mM [Ca 2+ ] were 55.0% ± 3.0% smaller than those in 2.5 mM [Ca 2+ ] (n = 6, p = 0.01) and showed less paired-pulse depression (0.28 ± 0.03, n = 6, p = 0.03), suggesting that spillover transmission to MLIs occurs at nearphysiological release probability.
Spillover Currents Trigger Feedforward Inhibition between Molecular Layer Interneurons
We next asked whether CF-mediated glutamate spillover was sufficient to trigger feedforward inhibition (FFI) from MLIs. Since multiple CF inputs can be detected in a single MLI (Szapiro and Barbour, 2007) , we reasoned that spillover from a single CF may also reach several MLIs. The high input resistance and membrane time constants of MLIs assure that even small synaptic inputs will produce large changes in the membrane potential sufficient to elicit firing (Carter and Regehr, 2002) .
To identify FFI, we evoked CF-mediated responses in MLIs held at À40 mV, a membrane potential between the EPSC and IPSC reversal potentials. Indeed, FFI was present in our recordings as evidenced by the timing of evoked inward and outward currents after CF stimulation ( Figure 1E, left) . While the onset of EPSCs was relatively invariant, outward currents sensitive to inhibition by SR95531 (5 mM, data not shown; n = 16) were measured at varying latencies suggestive of FFI. Accordingly, IPSC failures correlated with EPSC failures, indicating that both required activation of the same CF ( Figure 1E , right).
We next recorded at the EPSC reversal potential ($0 mV) to verify that the IPSCs originated from CFs rather than from PFs. Since CF stimulation often evoked multiple IPSCs, we quantified the current-time integral of IPSCs (IPSQ) rather than their peak amplitude (50 ms bins). First, IPSCs responded in an all-ornone fashion ( Figure 1F ). Consistent with a CF-evoked response, the IPSQ depressed with paired-pulse stimulation (IPSQ 2 / IPSQ 1 = 0.14 ± 0.03, n = 8). Furthermore, the average onset latency of the first IPSC was 5.0 ± 0.4 ms (n = 15; Figure 1G , black), significantly slower than the EPSC latency recorded at the GABA A receptor reversal potential ($À60 mV; 2.3 ± 0.2 ms; n = 15, p < 0.0001). CF-MLI signaling was not regulated by GABA B Rs or cannabinoid receptors, as neither EPSCs nor IPSQs were affected by a cocktail of 2 mM CGP55845 and 5 mM AM251 (data not shown, n = 4, p = 0.56 for EPSCs and IPSQs). Subsequent inhibition of glutamate transporters with TBOA potentiated both the EPSC peak amplitude and the IPSQ ( Figure 1G , red) from 2.8 ± 0.9 to 10.1 ± 3.7 pC (n = 7, p = 0.04; Figure 1G , right). Finally, NBQX application ( Figure 1G , green) blocked the CF-IPSC (by 91.7% ± 2.1%, n = 12), confirming that IPSCs were due to FFI.
For comparison, we recorded conventional feedforward IPSCs evoked after PF stimulation that were also inhibited by either SR95531 (n = 6) or NBQX (n = 6; see Figure S1 available online; Mittmann et al., 2005) . Feedforward PF-IPSCs were readily distinguishable from CF-IPSCs because PF-IPSCs facilitated with paired-pulse stimulation (IPSQ 2 /IPSQ 1 = 1.39 ± 0.25, n = 6) and the PF-IPSC charge (IPSQ) was not significantly altered by TBOA (1.4 ± 0.6 to 1.3 ± 0.5 pC, n = 7, p = 0.87; Figure S1 ). Together, these data show that CF-dependent glutamate spillover recruits FFI between neighboring MLIs to engage unconventional microcircuits.
The glutamate concentration that results from spillover is lower than from conventional synapses (Szapiro and Barbour, 2007) and is expected to be proportional to the distance from CF release sites. The number of glutamate receptors activated and their glutamate binding rate are also proportional to concentration (Patneau and Mayer, 1990; Jonas and Sakmann, 1992) . Therefore, if the concentration generated by spillover is in the linear range, EPSC rise times will be inversely proportional to peak amplitude since concentration will determine both the number and rate of receptor activation. Indeed, larger amplitude EPSCs had faster rise times than smaller EPSCs (n = 78; Figure 1H) . Variability in CF-MLI EPSC amplitude is less likely to indicate clustering of extrasynaptic receptors, since the same glutamate concentration acting at large or small receptor clusters will affect the amplitude but not the rise time of responses. We also found that the distance between MLIs and the active CF (assayed by the postsynaptic PC) was inversely correlated with the CF-MLI EPSC amplitude (n = 8 pairs; Figure S2 ). Together, these results indicate that the CF EPSC amplitude in MLIs primarily reflects the extracellular glutamate concentration and, due to dilution of glutamate with increasing distance, the proximity from CF release sites.
In contrast, the amplitude of CF EPSCs, and thus proximity to CF release sites, did not correlate to the quantity of FFI (n = 22; Figure 1I ) suggesting that interneuron connectivity is uniformly organized throughout the molecular layer. Together, these results suggest that CF release generates spillover EPSCs in MLIs that depend on their proximity to the active CF, with feedforward IPSCs distributed across MLIs independent of their proximity to the active CF.
Spillover-Mediated Feedforward Inhibition Is Long Lasting
The CF EPSC was sensitive to NBQX (10 mM), indicating that AMPA/kainate receptors mediate the majority of the excitatory spillover response. However in 21 out of 26 MLIs, an NBQXinsensitive current remained that was blocked by AP5 (100 mM, 95.5% ± 1.6% inhibition, n = 4), indicating that NMDARs also contribute to the spillover EPSC. The NMDAR EPSC had characteristic voltage dependence and slow decay time (t decay = 98.5 ± 10.3 ms, n = 9; Figure 2A ). Interestingly, a significant NMDAR response was measured at À50 mV, near the MLI resting potential (EPSC À50mV /EPSC +40mV = 24.1% ± 3.0%, n = 11; see Chavas and Marty, 2003) , suggesting that glutamate released from a single CF is sufficient to evoke NMDAR responses at physiologically relevant membrane potentials. Thus, we wondered whether MLI NMDARs participate in the recruitment of FFI. To test this idea, we first isolated CF responses near À60 mV and then stepped the voltage to $0 mV (as shown in Figures 1F  and 1G ) to measure spillover-mediated IPSCs. CF stimulation (dotted line) increased the frequency of IPSCs for a prolonged duration ($100 ms) above the background spontaneous activity (black traces; Figure 2B ). We quantified IPSQs by generating a latency histogram (in 10 ms bins) that is a measure of the inhibitory conductance (black histogram; Figure 2C ). Using this measure, inhibition increased by 839.0% ± 129.4% (n = 24) after CF stimulation (dotted line) and decayed back to baseline levels with a time course described by the sum of two exponentials: 8.0 ± 0.3 ms (82% ± 2%) and 117 ± 8 ms (n = 24). Blocking NMDARs abolished the slow component of the IPSQs without altering the fast component (821.1% ± 200.4%, n = 12, p = 0.8; Figures 2B  and 2C ). The time course of the latency histogram followed a single exponential decay of 8.9 ± 0.6 ms (orange histogram, n = 12; Figure 2C ) in the presence of AP5, similar to the time course of inhibition recruited by PF stimulation (7.3 ± 0.3 ms, n = 7, p = 0.3, Figure S1C ). Thus, CF-mediated FFI has a fast component mediated by AMPAR activation and a slow component mediated by NMDARs. Using the relative weights of the fast and slow time constants, we estimate that approximately 76% ± 5% (n = 23) of the total FFI after CF stimulation in MLIs is due to NMDAR activation.
Climbing Fiber-Mediated Excitation of Molecular Layer Interneurons
The robust and long-lasting increase in IPSCs suggests that MLIs experience a prolonged period of NMDAR-dependent excitability. We tested this directly by measuring the effect of CF stimulation on spontaneous action potentials (APs) that occurred with a baseline probability of 0.08 ± 0.01 (n = 14; 10 ms bins). CF connectivity was first verified in voltage clamp before switching to current-clamp configuration. As shown in Figures 3 and 4 , CF stimulation led to a transient and robust increase in the AP frequency evident in raw traces, the raster plots, and peristimulus probability histograms (PSHs; Figures 3Ai and  3Aii ). On average, CF stimulation increased the peak AP probability to 1.24 ± 0.12 (n = 14; Figure 3Aii ). Probabilities >1 reflect multiple APs in each time bin. To measure the net spike output in response to CF stimulation, we integrated the PSH to yield the cumulative spike probability, which was then corrected for the spontaneous spike rate (see Experimental Procedures and Mittmann et al., 2005; Figure 3Aii, inset) . Inhibition of NMDARs by AP5 strongly decreased the number of additional spikes evoked with CF stimulation (from 2.6 ± 0.3 to 1.2 ± 0.2, n = 14, p < 0.001) to a quantity similar to PF stimulation (0.95 ± 0.2 additional APs, n = 3, p = 0.45; Figure S3 ). Consistent with the idea that CF-mediated excitability is due to glutamate spillover, TBOA dramatically increased the peak probability of APs to 2.1 ± 0.14, significantly greater than CF stimulation alone (0.98 ± 0.02, n = 7 each, p < 0.001; Figure 3Bii ). TBOA also enhanced the excitability that is reflected in the PSH and in the cumulative spike probability plot (8.6 ± 1.4 additional APs in TBOA, n = 7, p < 0.01; Figure 3B ).
Because it was necessary to confirm CF-and lack of PF-mediated transmission, the experiments described above were performed in the whole-cell configuration. However, we also verified (Aii) Peristimulus probability histogram (10 ms bins) of APs and cumulative spike probability plot (inset) in the absence (black) or presence (orange) of AP5. Dotted line is the average baseline firing probability. AP5 did not affect the spontaneous AP probability (n = 14, p > 0.05). (Bi) Examples of spontaneous APs (top) and raster plots (bottom) in the absence (black) or presence (red) of TBOA. (Bii) Peristimulus probability histogram (10 ms bins) of APs and cumulative spike probability plot (inset) in the absence (black) or presence (red) of TBOA. TBOA did not affect the spontaneous AP probability (n = 7, p > 0.05). Error bars in (Aii) and (Bii) represent ± SEM. the influence of CF spillover on spike activity with noninvasive cell-attached recordings. Similar to the results in whole-cell configuration, stimulation of CFs transiently increased the peak probability and number of evoked APs to 1.0 ± 0.06 (from 0.12 ± 0.01) and 1.5 ± 0.2, respectively (n = 3). TBOA application further increased the peak AP probability (1.8 ± 0.1) and the number of additional APs (5.7 ± 0.6, n = 3; Figure S4 ). At the conclusion of each experiment, the membrane patch was ruptured to verify the presence of CF-mediated spillover currents and a lack of PF-mediated transmission. Thus, the cell-attached experiments replicated the whole-cell results, ruling out the possibility that the intracellular ionic composition affected our whole-cell results.
Climbing Fiber-Mediated Reciprocal Inhibition of Excited Molecular Layer Interneurons
Since the time course of IPSQs and AP probability after CF stimulation are similar (Figures 2 and 3) , we reasoned that inhibition between MLIs limits excitation. To test this idea directly, we measured the effect of blocking inhibition on the probability, duration, and quantity of APs. In addition to increasing the spontaneous AP frequency (see Experimental Procedures; Hä usser and Clark, 1997) , SR95531 increased the CF-evoked peak AP probability (from 1.2 ± 0.09 to 1.35 ± 0.1, n = 17, p < 0.05; Figures  4A and 4B ) and decreased the latency of the first evoked AP from 2.9 ± 0.1 ms to 2.7 ± 0.06 ms, n = 17, p < 0.05). Blocking inhibition also slightly increased the number of added APs (from 2.15 ± 0.15 to 2.53 ± 0.26, n = 17, p < 0.05; Figure 4B , inset).
The surprisingly small effect of blocking inhibition may result from several nonmutually exclusive mechanisms. First, we considered whether the quantity of inhibition was too small to robustly affect CF-mediated excitation since CF-mediated FFI is highly variable with some MLIs receiving essentially no FFI (note several cells with $100 pA EPSCs but almost no inhibition; see Figure 1I ). Because different intracellular solutions are required to measure AP probability and IPSC amplitude, we were unable to directly correlate these two measures in the same cells. We therefore tested the effects of inhibition in the presence of TBOA, which generates a large increase in IPSQ (see Figure 1G ). In TBOA, blocking inhibition broadened the AP probability distribution, slightly increased the peak AP probability (from 2.1 ± 0.2 to 2.5 ± 0.2, n = 9, p < 0.05; Figure 4C ), and robustly added $3 APs with each CF stimulation (from 6.3 ± 1.4 to 9.2 ± 1.6, n = 9, p < 0.01; Figure 4C , inset). These data support the idea that the size of the inhibition contributes to variability in responsiveness of CF-induced spiking in SR95531.
We also considered whether the effect of SR95531 depends on the location of the EPSP compared to the IPSP. Typically, somatic shunting inhibition strongly inhibits AP firing triggered by dendritic excitation. However, recent work shows that CFs preferentially localize to MLI cell bodies (Brown et al., 2012) , suggesting that CF excitation is generated at the soma and thus may be relatively resistant to shunting inhibition distributed across MLI dendrites (Palay and Chan-Palay, 1974, p. 191) . We used dynamic-clamp recordings (Robinson and Kawai, 1993; Sharp et al., 1993) to assess the potential influence of somatic inhibition on CF-evoked APs by imposing an inhibitory conductance while pharmacologically blocking synaptic inhibition.
Somatic conductance injections limited CF-MLI spiking, demonstrating that somatic inhibition can robustly block somatic excitation ( Figure S5 ; also see Carter and Regehr, 2002) . By inference, somatic CF-mediated excitation in combination with dendritic shunting inhibition may contribute to the small effect of CF inhibition on spiking ( Figures 4A and 4B ), although other mechanisms may also be at work. (B) Peristimulus probability histogram (10 ms bins) of APs and cumulative spike probability plot (inset) in the absence (black) or presence (blue) of SR95531. Dotted line is the average baseline firing probability. In SR95531, the baseline firing frequency was adjusted (see Experimental Procedures). (C) Peristimulus probability histogram of APs and cumulative spike probability plot (inset) in the presence of TBOA (50 mM red) or with SR95531 (blue). Dotted line is the average baseline firing probability.
Lastly, although blocking inhibition increased CF-evoked spiking in most cells (12/17), SR95531 application decreased or did not affect spiking in a fraction of cells (5/ (Chavas and Marty, 2003) . Together, our results suggest that reciprocal inhibition between MLIs has only a minor role in limiting spillovermediated spiking, perhaps due to variability in the magnitude, subcellular location, and reversal potential of inhibitory conductances.
Spillover-Evoked Feedforward Inhibition Pauses Molecular Interneuron Spiking
That we failed to detect robust regulation of MLI spiking by reciprocal inhibition led us to consider the influence of inhibition outside the limits of glutamate spillover. We explored this idea by identifying MLIs that receive inhibition without excitation after CF stimulation. First, an MLI that received a typical excitatory CF input was voltage clamped at À40 mV to directly monitor CF activation (green traces; Figure 5A or see Figure 1E ). We then searched for a second MLI (up to 150 mm away) without a spillover-mediated EPSC but with time-locked IPSCs (5.0 ± 0.3 ms, latency range: 3.4-7.5 ms, n = 15 out of 25 cells; Figure 5A , black traces). These ''pause-MLIs'' with exclusively CF-mediated FFI had IPSCs with paired-pulse depression that succeeded or failed coincidentally with CF EPSCs in the first MLI (data not shown). Our selection criteria were not restricted to synaptically connected MLI pairs because we simply used the first MLI as a readout for CF input. We then switched to current clamp to test the influence of CF stimulation on spontaneous APs. The first MLI responded with increased spiking (as in Figures 3 and 4) . The second MLI, however, responded with a delay in spontaneous spiking. Delayed spiking was quantified by aligning the last AP preceding CF stimulation and measuring the first interspike interval (ISI). We validated this methodology by comparing the average ISI during a 1 s period (baseline: 99.4 ± 9.5 ms, n = 15) to the ISI of the AP preceding the aligned spike (no stim: 99.9 ± 11.0 ms, n = 15, p = 0.9; Figures 5Bi and 5Bii). CF stimulation increased the ISI to 166.8 ± 23.5 ms (or 204.4% ± 23.7% of control, n = 8, p < 0.001, ANOVA), and this delay was partially blocked by AP5 application (AP5: 126.2 ± 23.7 ms or to 146.6% ± 11.3% of control; n = 8, p < 0.05, ANOVA; Figures 5Bi and 5Bii) . In a separate group of cells, we tested whether the ISI increase was sensitive to inhibition of glutamate uptake. In voltage clamp, we confirmed that TBOA application did not uncover a CF-mediated EPSC, suggesting that the cells tested were located well beyond the spillover limit. In current clamp, TBOA increased the ISI to 232.8 ± 13.3 ms (or to 243.4% ± 17.9% of control, TBOA, n = 8, p < 0.01, ANOVA; Figures 5Ci and 5Cii) , presumably by prolonging spike activity in MLIs receiving spillover excitation (see Figure 3) or by recruiting additional MLIs to spike in response to CF excitation. Finally, we blocked inhibition with SR95531 to confirm that the CF-dependent delay in spiking results from feedforward GABAergic circuitry (ISI in SR95531: 114.6% ± 14.3% or 96.3% ± 2.5% of control, n = 3, p > 0.05, ANOVA; Figure 5Cii ). Together, these results indicate that CF stimulation functionally segregates MLIs depending on their proximity to the active CF; MLIs within the limit of glutamate spillover are excited despite reciprocal inhibition, whereas MLIs outside of limit of glutamate spillover are strongly inhibited. It is important to note that these results do not exclude the possibility that some MLIs are excited by GABA because ''pause-MLIs'' were selected by their outward IPSCs.
We also tested whether CF-FFI regulates PF-evoked spiking in MLIs. PF stimulation intensity was set to trigger APs in $50% of trials from MLIs that were hyperpolarized to prevent spontaneous or CF-evoked spiking (0.48 ± 0.05, n = 5; Figure S6 , filled circles). CF-triggered FFI that preceded PF stimulation by 5-20 ms robustly decreased spike probability (0.17 ± 0.07, n = 5, ANOVA, Figure S6 , open circles). The probability of firing a second spike (stimulated at a 5 ms interval) was not altered by CF stimulation (0.56 ± 0.05 compared to 0.64 ± 0.08, n = 5, p > 0.05, ANOVA; Figure S6 , filled and open squares, respectively), presumably due to several factors including PF-mediated FFI, PF-mediated paired-pulse facilitation, and a refractory period. These results show that CF stimulation generates robust time-dependent inhibition of PF-mediated spiking and reveals a potential physiological function of CF-FFI in the control of PF excitation of MLIs.
Spillover Feedforward Inhibition Pauses Purkinje Cell Simple Spikes
The results presented above establish that CF stimulation can either increase or decrease MLI spike probability, but it is unclear how the aggregate MLI activity will affect downstream PCs. We approached this question by using simultaneous recordings to test how synaptic CF input to a PC affects excitability of a neighboring PC. We stimulated CF input to the first PC, resulting in a large all-or-none EPSC while simultaneously recording simple spikes from a second, nearby PC ( Figure 6A ). Peristimulus spike probability histograms revealed that CF stimulation (suprathreshold) decreased simple spike probability from 0.08 ± 0.02 to 0.03 ± 0.01, an effect that recovered in $30 ms. In the presence of TBOA, CF stimulation reduced the simple spike probability to 0.02 ± 0.01 for $70 ms (n = 9, Figure 6B ). As in Figure 5 , we used the first cell as a readout for CF input and analyzed the data from the second PC by aligning the first AP preceding CF stimulation and measuring the first ISI. The ISI of the AP preceding the aligned spike was not significantly different from the average ISI during a 1 s baseline period, thus validating this methodology for PC recordings (baseline: 66.6 ± 7.2 ms and no stimulus: 67.1 ± 7.5 ms, n = 27 each, p > 0.05, ANOVA; Figures  6C and 6D ). Suprathreshold CF stimulation (monitored in PC1) increased the ISI of the subsequent spike to 127.1% ± 6.7% of control (suprathreshold: 80.7 ± 17.0 ms), significantly more than when the stimulus failed to evoke CF EPSCs (subthreshold: 102.7% ± 1.5% or 71.0 ± 13.2 ms, n = 9, p < 0.01, ANOVA). Consistent with glutamate spillover activation of MLIs, the ISI increase was sensitive to glutamate uptake inhibition (suprathreshold + TBOA: 164.3% ± 7.6% or 116.1 ± 25.8 ms, n = 9, p < 0.001, ANOVA) and blocked by GABA A R antagonists (suprathreshold + SR955331: 99.4% ± 4.3% or 67.0 ± 33 ms, n = 9, p > 0.05, ANOVA). These results indicate that CF-dependent stimulation of MLIs is sufficient to delay the timing of simple spike activity in PCs that are not the postsynaptic target of the active CF.
Climbing Fiber Stimulation Generates Biphasic Change in Inhibition of Neighboring Purkinje Cells
The pause in PC simple spikes is consistent with excitation of MLIs after CF stimulation (Figure 6 ), but our data also shows that MLIs located outside the limits of spillover delay their firing in response to CF stimulation (as in Figure 5 ). We thus predicted that CF stimulation would produce both an increase and decrease in inhibition to neighboring PCs. To test the potential influence of ''pause-MLIs'' on PCs, we again turned to paired PC recordings and used the large all-or-none CF-PC EPSC as a readout of single CF activation. In a neighboring PC (PC2), we first confirmed the lack of CF or PF EPSC and then monitored spillover-mediated feedforward inhibition with IPSC recordings (Figures 7A and 7B ). PCs receive a high frequency of spontaneous IPSCs that contribute to the signal-averaged inhibition (Konnerth et al., 1990 ; Figure 7B , middle and bottom) that was unaffected by subthreshold CF stimulation (subthreshold; 110.8% ± 6.4%, n = 24, p > 0.05; Figure 7B ). Suprathreshold CF stimulation evoked phasic all-or-none IPSCs in 22 of 46 paired recordings (suprathreshold; Figure 7B ) with an onset latency similar to that measured in MLIs (3.9 ± 0.2 ms, n = 22, p > 0.05). Interestingly, suprathreshold CF stimulation also led to the reduction of spontaneous IPSCs, evident in both the individual traces (middle) and the signal-averaged responses (bottom traces). Time-locked and spontaneous IPSCs were quantified by plotting the inhibitory charge (in 5 ms bins) and generating a latency histogram ( Figure 7C) . CF-evoked all-ornone phasic inhibition was brief (7.2 ± 0.6 ms half-width, n = 22) and resulted in an increase of charge above spontaneous inhibition (583.6% ± 93.3%, n = 22, p < 0.05). After phasic inhibition, CF stimulation reduced the charge of spontaneous IPSCs by 91.5% ± 2.8% (n = 24, p < 0.01), for a duration of 79.9 ± 10.0 ms (half-width, n = 22; Figures 7B and 7Ci) . The biphasic change in inhibition persisted in conditions more similar to those occurring in vivo (1.5 mM extracellular Ca 2+ and 37 C, Figure S7 ; Borst, 2010) . TBOA application subsequently increased the evoked inhibition in all nine cell pairs tested, as well as unmasked a CF-evoked IPSC in two additional cell pairs (by 1,115.1% ± 422.9%, n = 11, p < 0.05; and for 14.3 ± 1.8 ms half-width, n = 11). TBOA also prolonged the disinhibition period (115.6 ± 10.8 ms, n = 11, p < 0.05), suggesting that inhibition and disinhibition are generated by CF spillover to MLIs located near and far away from the stimulated CF, respectively ( Figures 7B and 7Cii) . Supporting this idea, NBQX application blocked both CF-mediated inhibition and disinhibition, demonstrating that feedforward circuits are necessary to engage surrounding PCs (109.9% ± 8.4%, n = 24, p > 0.05; Figures 7B and 7Ciii) . Furthermore, AP5 reduced the increase of charge (by 40.6% ± 7.3%, n = 13, p < 0.05) and the quantity and duration of disinhibition (63.5% ± 11.6% and 44.7 ± 14.0 ms, n = 13 for each, p < 0.001 and p < 0.005, respectively; Figure 7Civ ), illustrating the prominent role of NMDAR activation after CF-evoked activation of MLIs.
Climbing Fiber Spillover Inhibition Regulates Parallel Fiber-Evoked Firing Probability
Our results show that CF stimulation causes an increase and subsequent decrease in inhibitory charge in PCs not receiving direct CF input. We next performed two sets of complementary experiments designed to study how CF feedforward activity regulates PC-evoked spiking. We used dynamic clamp to test how simulated CF-mediated inhibition controls PF-evoked excitation and to test how CF-mediated inhibition controls simulated PF excitation. Using dynamic clamp to simulate inhibition or excitation allowed those components to be isolated from other potential stimulus-evoked circuit effects.
First, we simulated a steady-state inhibitory conductance that approximates the spontaneous afferent inhibition onto PCs. The probability of PF-mediated spiking during steady-state inhibition (PF test ) was compared to spiking during simulated increases and decreases in inhibition (PF inhibition and PF disinhibition , respectively) modeled after CF-evoked biphasic activity ( Figure 8A and red traces in 8Bi). Current was injected to prevent spontaneous spiking and PF stimulation intensity was set to trigger PC spiking in $50% of trials during steady-state inhibition (PF test ). PFevoked spiking at the peak of the simulated inhibition was dramatically decreased (from 0.52 ± 0.06 to 0.04 ± 0.02), whereas PF-evoked spiking at the trough of the disinhibition was dramatically increased (from 0.57 ± 0.04 to 0.92 ± 0.04, n = 5 each, p < 0.05 for both measures, paired t tests; Figures  8Bi and 8Bii) . We repeated these experiments in the same neurons with no holding current, allowing PCs to fire spontaneously. Under these conditions, the probability of PF-evoked spiking also decreased with phasic inhibition and trended to increase with disinhibition to 0.11 ± 0.04 and 0.67 ± 0.06, respectively, from a control evoked-spiking probability of 0.51 ± 0.06 (n = 5; (Bi) Top: PF-induced spiking was tested during a steady-state inhibitory conductance injection (steady state: 2 nS red traces; PF test ) and during phasic inhibition (PF inhibition : 4 nS; 1 ms rise and 7 ms half-width) or subsequent disinhibition (PF disinhibition : 0.2 nS; 10 ms rise and 90 ms half-width) that mimicked experimental measures (spontaneous: 2.3 ± 0.3 nS, n = 11; inhibition: 4.5 ± 0.8 nS, n = 33; disinhibition: 0.2 nS = spontaneous 3 8.5% ± 2.8%, n = 24). Dotted lines indicate 0 inhibitory conductance. Bottom: representative PC spiking in response to PF stimulation during steady-state IPSG (PF test ) and during simulated CF-mediated inhibition (PF inhibition ) or disinhibition (PF disinhibition ). Black and gray traces indicate spike successes and failures, also shown as filled and empty circles. (Bii) Summary of PF spike probability during simulated inhibition and disinhibition. PF stimulation intensity was set to evoke spiking in $50% of trials for PF test . Each point represents individual experiments and black horizontal bars represent the mean values ± SEM. (C) Schematic of paired PC recording configuration. PC1 was voltage clamped to monitor direct CF synaptic input (black trace) with simultaneous dynamic-clamp simulation of PF excitation of PC2 (red trace). Green MLIs will inhibit, while black MLIs will disinhibit PC2. An EPSG was injected either before (À700 ms) or after (+10 ms) CF stimulation to determine spike probability during inhibition (EPSG inhibition ) or before (À700 ms) or after (+90 ms) CF stimulation to determine spike probability during disinhibition (EPSG disinhibition ). The gray shaded region represents CF-mediated inhibition and disinhibition superimposed on spontaneous inhibition. The magnitude of the EPSG test was set to evoke spiking in $50% of trials. (D) Summary of EPSG test spike probability. Each data point represents individual experiments and black horizontal bars represent the mean values ± SEM. p < 0.05 and p > 0.05, ANOVA; data not shown). Thus, a simulated CF-mediated biphasic change in inhibition regulates PFevoked PC excitability.
Injection of somatic conductances, however, could overestimate the consequences of CF-mediated inhibition (as suggested from our MLI experiments, Figures 4 and S5) . Thus, in the second set of experiments, PF input was mimicked with conductance injection (EPSG, red traces; Figure 8C ) into one PC (PC2), while CF stimulation on a nearby PC cell (PC1) triggered spillover inhibition and disinhibition ( Figure 8C, gray area) . We adjusted the simulated EPSG amplitude so that PC2 spiked in $50% of trials with spontaneous inhibition ( Figure 8D, EPSG test ) . The probability of EPSG spiking was significantly reduced when the excitatory conductance was injected 10 ms after CF stimulation, a time that coincided with the peak of spillover inhibition (from 0.57 ± 0.04 to 0.26 ± 0.08, n = 5, p < 0.05, paired t test; EPSG inhibition , Figures 8C and 8D) . Conversely, PC2 spiking probability increased when the EPSG was injected during CF spillover disinhibition (CF + 90 ms; from 0.55 ± 0.02 to 0.76 ± 0.03; n = 5, p < 0.01, paired t test; EPSG disinhibition , Figures 8C  and 8D ). Together, these data show that glutamate spillover after single CF activation regulates MLI inhibition to alter PC excitability in a biphasic manner.
DISCUSSION
Here, we detail how synaptic signaling exclusively from glutamate spillover engages neural circuits not previously predicted by anatomical mapping. First, we show that CF-mediated glutamate spillover affects the excitability of closely and distantly located MLIs. MLIs excited by spillover inhibit MLIs outside the spillover limit, resulting in segregated activity based on proximity to the active CF. Single CF stimulation recruits AMPARs and NMDARs on MLIs within the spillover limit to trigger spiking and thus mediate a long-lasting component of spillover-mediated FFI to MLIs outside the spillover limit. Concerted activity of MLIs within and outside the spillover limit converges on neighboring PCs to generate a biphasic change in inhibitory synaptic tone that initially decreases and subsequently increases evoked spike probability. These results demonstrate a pathway for information transfer in the cerebellar cortex that extends the influence of CFs beyond the conventional one-to-one relationship with postsynaptic PCs.
Spillover Transmission Generates Feedforward Inhibition
Synaptic transmission can be divided into fast and slow forms based on the kinetics of the postsynaptic response (Isaacson et al., 1993) . Slow synaptic transmission is mediated by transmitters that act at diffusely distributed receptors located outside synapses (Fuxe and Agnati, 1991; but see Beckstead et al., 2004) , whereas fast transmission is typically confined to synapses. In this view, spillover can be considered as an intermediate form of transmission, in which traditional fast neurotransmitters act at receptors distant from release sites. Spillover is not only associated with indirect modulation of fast transmission through G protein-coupled receptors (i.e., Isaacson et al., 1993; Scanziani et al., 1997; Mitchell and Silver, 2000) , but also with direct signaling through activation of ionotropic receptors (i.e., Isaacson, 1999; DiGregorio et al., 2002; Rancz et al., 2007; Scimemi et al., 2009) . Direct spillover-mediated transmission improves efficacy and reliability of point-to-point transmission at some specialized synapses (DiGregorio et al., 2002; Sargent et al., 2005; Rancz et al., 2007) and has recently been implicated in the ability of synaptic inputs to generate nonlinear responses mediated by NMDARs (NMDA spikes; Chalifoux and Carter, 2011) . In a few cases, synaptic signaling between neurons occurs solely via spillover in the absence of morphologically identified synaptic contacts (Isaacson, 1999; Szapiro and Barbour, 2007; Szmajda and Devries, 2011) . Although there is debate about the prevalence of spillover at typical small glutamatergic synapses, our demonstration that spillover-mediated signaling recruits local microcircuits supports its functional significance.
Spillover of the fast neurotransmitter glutamate was first postulated as an explanation for the different quantal content sensed by high-affinity, putative extrasynaptic NMDARs compared to lower-affinity synaptic AMPARs (Kullmann, 1994; Kullmann and Asztely, 1998) . Subsequently, it has been established that high-affinity NMDARs are a common target for spillovermediated signaling (i.e., Asztely et al., 1997; Isaacson, 1999; Overstreet et al., 1999; Carter and Regehr, 2000; Scimemi et al., 2004) . At PF-MLI synapses, NMDAR activation is only detected during high-frequency or high-intensity molecular layer stimulation, indicating that NMDARs are located outside the postsynaptic density (Carter and Regehr, 2000; Clark and CullCandy, 2002) . Such stimulation protocols produce synchronous activation of a high density of local fibers, generating extrasynaptic signaling that may be rare in vivo during physiological stimuli (Arnth-Jensen et al., 2002; Marcaggi and Attwell, 2005) . We found that spillover from a single CF generates both AMPAR-and NMDAR-mediated depolarization of MLIs, suggesting that CF and PF stimulation activates different sets of receptors. In contrast to FFI mediated by PFs ( Figure S3 and Mittmann et al., 2005) , CF stimulation generates a long-lasting ($100 ms) component of inhibition to MLIs that contributes to the long-lasting component of disinhibition to PCs (Figure 7) . The persistent NMDAR-mediated component thus expands both inhibition and disinhibition to PCs, potentially enhancing the contrast between areas of active and inactive PCs.
Feedforward Inhibition Regulates CF-Mediated Excitation in MLIs
Typical FFI narrows the window for synaptic integration by providing a rapid increase in principal cell inhibition that provides balanced regulation of excitation (Pouille and Scanziani, 2001; Wehr and Zador, 2003; Mittmann et al., 2005; House et al., 2011) . Thus, we were surprised that blocking GABA A Rs had only small, variable effects on the number of CF-evoked APs in individual MLIs (Figure 4) . We considered three potential factors that could produce variability in the effectiveness of CF-FFI, including the magnitude of FFI, the location of FFI relative to CF-mediated excitation, and the potential for a fraction of MLI inputs to promote MLI excitability (Chavas and Marty, 2003) . Since CF-mediated inhibition of PF-evoked spiking was robust (Figure S6 ) and somatic inhibitory conductance injection effectively decreased CF excitation of MLIs, we predict that the locations of excitatory and inhibitory conductances could promote the transmission of somatic CF-mediated excitation (Brown et al., 2012) despite reciprocal inhibition. Although MLIs are generally thought to be electronically compact because of their high input resistance and short dendrites, their thin dendrites behave as passive cables that filter synaptic responses, resulting in sublinear integration (Abrahamsson et al., 2012) . This suggests that shunting that depends on location (i.e., Gulledge and Stuart, 2003) may be important for MLI inhibition. Although further studies will be required to understand the relative insensitivity of CF-mediated inhibition between MLIs, we speculate that this insensitivity allows CF excitation to alter the activity of neighboring PCs via FFI inhibition and disinhibition (Figures 7 and 8) .
Implications for Cerebellar Circuit Processing
Jö rntell and Ekerot (2002) used in vivo recordings of sensoryevoked activity to show that dual CF/PF activation enlarges MLI receptive fields, whereas PF stimulation alone reduces MLI receptive fields. Subsequent work (Jö rntell and Ekerot, 2003) showed that the sensory-evoked CF response in MLIs that triggers the robust plasticity in MLI receptive fields is a slow and long-lasting depolarization. Together, these two studies reveal that CF-mediated excitation of MLIs profoundly alters PF receptive fields. Our results show how CF activity is transmitted into long-lasting NMDAR-mediated depolarization of MLIs that may be a signal driving CF-mediated plasticity of receptive fields described in vivo.
Our results also provide a potential circuit-level mechanism for in vivo observations that CF activation can alter spiking in PCs not directly targeted by the active CF. CF regulation of target and neighboring PC simple spike firing has been documented in vivo in rats (Schwarz and Welsh, 2001) , rabbits (Barmack and Yakhnitsa, 2003) , and mice (Bosman et al., 2010; Barmack and Yakhnitsa, 2011) . CF activation in vivo is associated with increased responsiveness of PCs not targeted by the CF, with stimulus-induced simple spiking either increased or decreased by CF activation Ebner et al., 1983; Ebner and Bloedel, 1984) . Our experiments in acute slices show that single CF activation can increase or decrease neighboring PC spiking (Figure 8 ). We thus propose that the functional segregation of excited and inhibited MLIs following glutamate spillover from CFs could contribute to the in vivo observation of CFdependent gain control of simple spiking in neighboring PCs . A recent study illustrated that optogenetic activation of multiple CFs produces robust inhibition of neighboring PCs (Mathews et al., 2012) . Our results using single CF stimulation reveal that CF spillover also engages MLI circuits to generate disinhibition of neighboring PCs. We speculate that there is a temporal and spatial organization of PC inhibition and disinhibition since MLIs nearest the active CF are likely to generate initial inhibition to nearby PCs, whereas the persistent disinhibition may extend to more distant PCs. However, defining the significance of CF-mediated spillover in the intact brain will require additional studies given potential differences in tortuosity as well as the complex spatial and temporal organization of CF activity (Ozden et al., 2009; Schultz et al., 2009; De Zeeuw et al., 2011) .
Together, our results show a significant role for glutamate spillover in fast signal transmission and further establish a pathway by which single CFs can alter the dynamics of local inhibition in the cerebellar network.
EXPERIMENTAL PROCEDURES
All experiments were conducted with protocols approved by the Institutional Animal Care and Use Committee of UAB.
Slice Preparation
Parasagittal cerebellar slices were prepared from C57BL/6 mice aged 16-21 days. Animals were anesthetized by isoflurane inhalation and decapitated. The cerebellar vermis was dissected and glued to the stage of a slicer (Leica VT1200, Leica Instruments) in a solution containing 110 mM CholineCl, 7 mM MgCl 2 , 2.5 mM KCl, 1.25 mM NaH 2 PO 4 , 0.5 mM CaCl 2 , 25 mM glucose, 11.5 mM Na-Ascorbate, 3 mM Na-pyruvate, 25 mM NaHCO 3 , bubbled with 95% O 2 -5% CO 2 . Slices of 270 mm thickness were cut and incubated in 125 mM NaCl, 2.5 mM KCl, 1 mM NaH 2 PO 4 , 26.2 mM NaHCO 3 , 11 mM glucose, 2.5 mM CaCl 2 , and 1.3 mM MgCl 2 at 35 C for 30 min before use.
Electrophysiology
Recordings were made at $32 C or $37 C maintained with an inline heating device (Warner Instruments). Cells were visualized using infrared contrast optics on an Olympus BX51WI upright microscope (Olympus). Recordings were made from identified PCs and MLIs with high input resistances located in the inner and middle thirds of the molecular layer. Recorded cells were located well below the slice surface so that diffusion and connectivity more closely resembled that of intact tissue. Responses were measured by a Multiclamp 700B amplifier (pClamp software, Molecular Devices), filtered at 2-5 kHz, and digitized at 15-50 kHz (Digidata 1440). Patch pipettes (BF150-110 or BF150-086, Sutter Instruments) were pulled with a P-97 horizontal puller (Sutter Instruments) to resistances between 2.5 and 4 MU for MLIs and between 1 and 2 MU for PCs. The series resistance (R s ), as measured by an instantaneous current response to a 1-5 mV step with the pipette capacitance canceled, was always less than 10 MU for PC recordings and compensated $80%, and less than 20 MU for MLI recordings and uncompensated. Data were discarded if R s changed significantly (>20%). The intracellular pipette solution for voltage-clamp recordings contained 125 mM CsMeSO 3 , 15 mM CsCl, 10 mM HEPES, 10 mM EGTA, 4 mM MgATP, 0.4 mM NaGTP, and 5 mM QX314 (omitted for cell-attached experiments). The intracellular pipette solution for current-clamp or dynamic-clamp experiments contained 130 mM K-gluconate, 15 mM KCl, 10 mM HEPES, 0.5 mM EGTA, 4 mM MgATP, and 0.4 mM NaGTP. The intracellular [Cl À ] was based on Chavas and Marty (2003) ; but see Carter and Regehr (2002) . In paired PC experiments, the ''monitor'' PC with direct CF input was voltage clamped and filled with 35 mM CsF, 100 mM CsCl, 10 mM EGTA, 10 mM HEPES, and 5 mM QX314. Dynamic-clamp recordings were made at 40 kHz using a digital signal processing board (P25M, Innovative Integration) run with SM-2 digital conductance software (Cambridge Conductance). For these recordings, E Cl À was set at À60 mV for MLIs and À80 mV for PCs. Single climbing fibers were stimulated (1-20 V, 100 ms) with a theta glass pipette filled with bath solution placed near the PC layer. The pipette was repositioned, and the stimulus intensity was adjusted until the voltage required to elicit an all-or-none response was minimized to eliminate PF activation or direct depolarization of neighboring MLIs. In a subset of cells, we measured the SR95531-dependent increase of spontaneous APs (from 7.4 ± 0.6 to 12.66 ± 1.2 Hz, n = 7, see Hä usser and Clark, 1997) that we adjusted with DC current (7.4 ± 0.5 pA) to match the observed rate in control conditions.
Anatomical Reconstructions
Experiments were performed using internal solutions with Alexa Fluor 488 or 568 hydrazide (100 mM; Life Technologies) or 0.2% biocytin. Slices were fixed in 4% paraformaldehyde for 1 hr and mounted with anti-fade reagent (ProLong Gold, Life Technologies), or incubated with streptavidin-conjugated Alexa Fluor 647 prior to mounting. Digital images were acquired using a 203 (NA 0.85) oil-immersion objective on an Olympus FluoView 300 confocal microscope. Images were reconstructed in Neurolucida (MicroBrightField).
Data Analysis
Data was analyzed using AxoGraphX software. Changes to basal spontaneous action potential rate were quantified as in Mittmann et al. (2005) . Briefly, peristimulus histograms (PSHs) were computed and integrated. A linear fit to the baseline of the integral was extrapolated over the entire sweep and subtracted from the integral to yield the cumulative spike probability plot. We averaged between 300-400 ms period after stimulation to measure the number of spikes evoked by the input.
Statistical Analysis
Data are displayed as means ± SEM, and significance was analyzed with twotailed Student's t tests (Microsoft Excel and GraphPad Prism) . n values indicate number of cells. Spearman or Pearson correlations were used depending on the normality of the data. ANOVAs were followed by Bonferroni's multiple comparison test unless noted. Drugs SR95531 (GABA A R antagonist, 5 mM), NBQX (AMPAR antagonist, 10 mM), AP5 (NMDAR antagonist, 100 mM), and QX314 (Na + -channel blocker, 5 mM)
were obtained from Abcam. DL-TBOA (50 mM) was purchased from Tocris Bioscience. All other chemicals and compounds were obtained from Sigma or Fisher Scientific.
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